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Abstract

Ca”"/calmodulin-dependent protein kinase lla (CaMKlla) is a key mediator of activity-dependent neuronal
modifications and has been implicated in the molecular mechanisms of learning and memory. Indeed, several
types of CaMKIla knock-in (KI) and knock-out (KO) mice revealed impairments in hippocampal synaptic plasticity
and behavioral learning. On the other hand, a similar role for CaMKlla has been implicated in amygdala-
dependent memory, but detailed analyses have not much been performed yet. To better understand its
involvement in amygdala-dependent memory as compared to hippocampus-dependent memory, here we
performed biochemical analyses and behavioral memory tests using the kinase-dead CaMKIl« (K42R)-KI mouse.
In the Morris water maze tasks, homozygous mutants performed well in the visible platform trials, while they failed
to form spatial memory in the hippocampus-dependent hidden platform trials. In fear conditioning, these mice
were impaired but showed a certain level of amygdala-dependent cued fear memory, which lasted four weeks,
while they showed virtually no hippocampus-dependent context discrimination. Neither stronger stimulation nor
repetitive stimulation compensated for their memory deficits. The differential outcome of hippocampus- and
amygdala-dependent memory in the mutant mouse was not due to differential expression of CaMKlla between
the hippocampus and the amygdala, because biochemical analyses revealed that both kinase activity and protein
levels of CaMKII were indistinguishable between the two brain regions. These results indicate that kinase activity
of CaMKll« is indispensable for hippocampus-dependent memory, but not necessarily for amygdala-dependent
memory. There may be a secondary, CaMKlla activity-independent pathway, in addition to the CaMKlla
activity-dependent pathway, in the acquisition of amygdala-dependent memory.
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Studying molecular mechanisms of learning and memory is important to confront memory-deficient and
abnormal memory-associated disorders. An enzyme called Ca®*/calmodulin-dependent protein kinase lla
(CaMKlle) that is abundant in the brain and phosphorylates important proteins has a key role in such mecha-
nisms. However, how CaMKlla enzymatic activity is involved in hippocampus- versus amygdala-dependent
memory is still not clear. Using our genetically engineered mouse that lacks kinase activity but retains protein
expression of CaMKlla, here we showed that kinase activity of CaMKll« is indispensable for hippocampus-
dependent space/context-related memory, but not necessarily for amygdala-dependent fear-related memory.
The role of CaMKll« kinase activity in distinguishing different contexts indicates its possible involvement as a
kmeasure against abnormal fear memory-associated disorders, such as posttraumatic stress disorder (PTSD). j
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Introduction

Ca?®*/calmodulin-dependent protein kinase Il (CaMKII)
is one of the most abundant protein kinases in the central
nervous system, and is thought to be a key mediator of
activity-dependent neuronal modifications (Hudmon and
Schulman, 2002; Lisman et al., 2002, 2012; Coultrap and
Bayer, 2012; Hell, 2014; Herring and Nicoll, 20163;
Takemoto-Kimura et al., 2017). The neuronal CaMKII ho-
loenzyme is assembled from homologous 12 subunits
consisting of CaMKIlla and/or CaMKIIB, the two major
isoforms in the brain, with CaMKIlla dominant in the fore-
brain, and with CaMKIIB dominant in the cerebellum.
CaMKll« is especially enriched in the hippocampus, and
has been proposed to be the indispensable isoform to
hippocampal synaptic plasticity and behavioral learning
(Lisman et al., 2002; Lisman, 2017; Rossetti et al., 2017;
Takemoto-Kimura et al., 2017).

Activity-dependent Ca®™ influx into neurons causes ac-
tivation of CaMKII by binding of Ca®*/calmodulin. Acti-
vated CaMKIl translocates to the postsynaptic sites and
undergoes T286(«)/T287(B)-autophosphorylation within
the autoinhibitory region through an intersubunit mecha-
nism. This autophosphorylation makes the kinase persis-
tently active and prolongs its postsynaptic association
even after intracellular Ca®* concentration is reduced.
There, the kinase phosphorylates a number of substrates
including AMPA-type glutamate receptors (AMPARS),
transmembrane AMPAR regulatory proteins, synaptic
Ras-GTPase activating protein, and Rho guanine nucleo-
tide exchange factors (Lee et al., 2003, 2010; Xie et al.,
2007; Yang et al., 2013; Araki et al., 2015; Herring and
Nicoll, 2016b; Park et al., 2016), which leads to long-term
potentiation (LTP) of the synapse, one of the fundamental
mechanisms for learning and memory. When intracellular
Ca?* concentration is reduced, Ca?*/calmodulin is de-
tached from CaMKIl, and another autophosphorylation at
T305/T306(«)/T306/T307(B) within the calmodulin-binding
region occurs through an intrasubunit mechanism. This
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autophosphorylation prevents rebinding of Ca®*/calmod-
ulin, reduces kinase activity to about a half and facilitates
its dissociation from postsynaptic sites to terminate its
action at the synapse.

So far, a number of genetically engineered CaMKlla
knock-out (KO) and knock-in (KI) mice confirmed the
direct involvement of CaMKll« in LTP, and learning and
memory (Silva et al., 1992; Giese et al., 1998; Elgersma
et al., 2002; Yamagata et al., 2009; Achterberg et al,,
2014). Among them, functionally modified KI mice, espe-
cially the CaMKll« (T286A)-, (T305D)-, and (K42R)-KI mice
showed severe deficits not only in hippocampal LTP, but
also in hippocampus-dependent memory, revealing the
importance of persistent activation, postsynaptic associ-
ation and enzymatic activity of CaMKlla, respectively, in
such processes (Giese et al., 1998; Elgersma et al., 2002;
Yamagata et al., 2009). Thus, functionally intact CaMKll«
is critically involved in the acquisition of hippocampus-
dependent memory. A recent study using the region-
specific and time-specific conditional CaMKlla KO mice
also confirmed its requirement in the forebrain and at the
time of learning (Achterberg, et al., 2014).

On the other hand, how CaMKlIl« is involved in other
types of memory is still not clear. Previous studies using
fear conditioning in rats (Rodrigues et al., 2004) and in the
CaMKlla (T286A)-KI mouse (Irvine et al., 2005, 2011)
indicated a similar involvement of CaMKIla in amygdala-
dependent memory as in hippocampus-dependent mem-
ory. A recent study using a light-inducible CaMKIl inhibitor
also supported a role for CaMKII activity in the amygdala
in the acquisition of inhibitory avoidance memory (Mura-
koshi et al., 2017). However, detailed analyses have not
much been performed yet using other types of CaMKlla
mutant mice.

We previously generated the kinase-dead CaMKll«
(K42R)-KI mouse to examine the specific role of kinase
activity of CaMKll«, separately from its other protein func-
tions (Yamagata et al., 2009). In this mouse, kinase-dead
CaMKIla (K42R) could translocate to postsynaptic sites in
response to synaptic activation, whereas tetanic stimula-
tion could not induce LTP or dendritic spine enlargement
in the hippocampus. Besides, inhibitory avoidance mem-
ory was severely impaired. Thus, we could show that
kinase activity of CaMKll« is essential for hippocampal
synaptic plasticity and behavioral learning. Here we took
the advantage of this KI mouse to examine how kinase
activity of CaMKll« is involved in amygdala-dependent
memory, as compared to hippocampus-dependent mem-
ory, to see if there is any mechanistic difference between
them.

Materials and Methods

Animal experiments

The kinase-dead CaMKIlla (K42R)-KI mouse (B6.Cg-
Camk2a™?-7°¥3™) was generated as previously described
(Yamagata et al., 2009; RBRC05821, RIKEN BRC). All
animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of National
Institutes of Natural Sciences. All experiments were con-
ducted in accordance with the Guide for Animal Experi-
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mentation in the Institute. Animals were housed in cages
with ad libitum access to water and food and maintained
on a 12/12 h light/dark cycle.

All analyses were performed using adult homozygous
CaMKlla (K42R)-KI and wild-type littermate control mice
generated by intercrosses between heterozygous mice
backcrossed to C57BL/6 for more than six generations.
Male or female mice were used for biochemical analyses,
and male mice were used for behavioral analyses. Mice
that showed any signs of seizure were excluded from the
experiments (Yamagata et al., 2009).

Sample preparation for biochemical analyses

Brain homogenates from the hippocampus and the
amygdala were prepared separately as previously de-
scribed with some modifications (Yamagata et al., 2009).
Animals were individually decapitated under carbon diox-
ide anesthesia, and brains were removed quickly, put in
ice-cold homogenization buffer within 30 s after decapi-
tation, and left in the buffer for 30 s for chilling. The
hippocampus was dissected on an ice-cold Petri dish.
The amygdala was dissected from separate animals as
follows: A two-mm thick coronal slice containing most of
the amygdaloid complex (0.8-2.8 mm posterior to the
bregma) was cut by using an ice-cold Rodent Brain Matrix
(ASI Instruments), and its ventro-lateral portion against
the striatum and lateral ventricle was cut bilaterally on an
ice-cold Petri dish. The remaining slice was checked af-
terward under a stereomicroscope to verify that the dis-
sected parts corresponded to the amygdaloid complex
and the adjacent piriform cortex. Dissected pieces of
tissue were immediately frozen in liquid nitrogen and
stored at -80°C until use. Frozen pieces of hippocampi
(collected from three to five animals) or amygdala (col-
lected from five to seven animals) were homogenized in a
five-fold volume of homogenization buffer in a Teflon-
glass homogenizer on ice to make an independent exper-
imental sample. The homogenization buffer consisted of
20 mM Tris/HCI, pH 7.5, 5 mM EDTA, 1 mM EGTA, 10 mM
sodium pyrophosphate, 50 mM NaF, 1 mM Naz;VO, (or-
tho), 1 mM dithiothreitol, 10 wg/ml each of leupeptin,
antipain, pepstatin, and chymostatin, 0.1 mM phenyl-
methylsulfonyl fluoride, and 0.1 uM calyculin A. Each
sample was quickly aliquoted, an aliquot was saved for
the preparation of samples for SDS-PAGE, another for the
measurement of protein concentration, and the rest were
frozen immediately and stored at -80°C until additional
characterization of kinase activity. Samples for SDS-
PAGE were prepared as previously described (Yamagata
and Obata, 1998; Yamagata et al., 2009). Protein concen-
tration was determined by using BCA Protein Assay Re-
agent (Pierce, Thermo Fisher Scientific) and bovine serum
albumin as a standard.

CaMKIl kinase activity assay

CaMKIl kinase activity assay was performed as previ-
ously described (Yamagata et al., 2009). The assay was
conducted in the presence of 50 mM HEPES/NaOH, pH
7.5, 10 mM magnesium acetate, 1 mM EGTA, 50 ng/mi
BSA, 0.1% Triton X-100, 50 uM autocamtide-2 [KKALR-
RQETVDAL (Hanson et al., 1989); synthesized by Mimo-
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topes], 2 uM PKI-(5-24)-amide (Peninsula Laboratories), 2
uM PKC-(19-36)-amide (Peninsula Laboratories), 100 uM
[y-*2P]JATP (400-800 cpm/pmol, PerkinElmer), and with
(for the total activity) or without (for the Ca®*/calmodulin-
independent autonomous activity) 1.5 mM CaCl, and 25
ng/ml calmodulin in a final volume of 50 ul. The reaction
was started by the addition of [y-32P]ATP, performed for 1
min at 30°C, and terminated by the addition of acetic acid
(final concentration, 10%). After spotting aliquots onto
pieces of P81 phosphocellulose paper (Whatman, Thermo
Fisher Scientific) and washing the paper with 75 mM
phosphoric acid for five times, the retained radioactivity
on the paper was measured in a beta scintillation counter
(Beckman Coulter). The amount of protein used for the
kinase activity assay was 0.6 wug from hippocampal or
amygdala homogenates, and the reaction was linear in
terms of both protein concentration and incubation time.
Kinase activity was expressed as the amount of ATP
incorporated into the substrate peptide in 1 min/mg of
protein (nmol/min/mg), and compared between the hip-
pocampus and amygdala in each genotype by using un-
paired t test, two-tailed, n = 6 for each brain region from
each genotype (Fig. 1). When relative activity of KI sam-
ples was calculated, it was expressed as a percentage
against the value of control wild-type samples in the same
experimental group measured on the same day (Fig. 1,
right, above the columns).

Immunoblot analyses

Quantitative immunoblot analyses were performed as pre-
viously described (Yamagata et al., 2009). Equal amounts of
protein from each sample were subjected to SDS-PAGE,
transferred to nitrocellulose transfer membranes (Whatman,
Thermo Fisher Scientific), and immunoblotted using one
of the following antibodies. Antibodies against CaMKll«
(mouse monoclonal; 6G9; 1:1000; BIOMOL catalog #SA-
112, Enzo Life Sciences; RRID: AB_10617228), CaMKIIB
(mouse monoclonal; CB-B-1; 1:200; Zymed catalog #13-
9800, Thermo Fisher Scientific; RRID: AB_2533045), and
phospho-T286-CaMKlla (rabbit polyclonal; 1:500; Pro-
mega catalog #V1111) were used for the primary reaction.
For mouse antibodies, rabbit anti-mouse 1gG (1:500; MP
Biomedicals catalog #55480) was used in the secondary
reaction. Blots were then visualized by using '?°l-protein
A (3.5-5 X 10° cpm/ml; PerkinElmer), and by exposing to
an x-ray film, as previously described (Yamagata and
Nairn, 2015). The immunoreactive bands were cut out,
and their radioactivity was quantitated by using a gamma
counter (Hitachi Aloka Medical). The amounts of pro-
tein used were 2 pug (for anti-CaMKlla), 4 ng (for anti-
CaMKIlIB), and 8 ug (for anti-phospho-T286-CaMKllw)
from hippocampal or amygdala homogenates. The mea-
sured immunoreactivity was in a linear range in terms of
protein amounts used for each antibody. The values ob-
tained from KI samples were expressed as percentages
against those from control wild-type samples in the same
experimental group on the same blots, and analyzed by
using one sample t test, two-tailed, n = 6 for each brain
region (Fig. 2; Table 1).
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Animals used for behavioral experiments

Mice were three to five months of age at the start of
behavioral experiments. They were accustomed to the
experimenter by careful handling for more than one week
before the start of experiments. Behavioral experiments
were conducted with the experimenter blind to the geno-
type of mice.

Water maze

Water maze procedure followed basically as described
by Crawley (2000). A circular pool with a diameter of 1 m
was filled with opaque water colored with white paint to a
depth of 20 cm. Water temperature was maintained at
24-25°C. The escape platform with a diameter of 11 cm
was submerged 1 cm below the water surface. The visible
cue for the platform consisted of a black pole (10 cm tall)
with a ball on top colored black in its lower half (3.5 cm in
diameter) standing in the center of the platform. The
swimming paths of animals were recorded by a black and
white charge-coupled device video camera mounted
above the center of the pool using LabVIEW and Vision
software (National Instruments; RRID: SCR_014325), and
analyzed by Igor Pro 6 software (WaveMetrics; RRID:
SCR_000325). Extra-maze cues were posted above the
wall of the pool as spatial references.

Naive mice were first accustomed to the water without
spatial cues and the visible cue for the platform on the day
before the start of water maze training. They were gently
released into the pool, allowed to swim for 30 s, then
guided onto the submerged platform and allowed to re-
main there for 30 s. This procedure was repeated three
times for each mouse.

In water maze training, mice were individually subjected
to two blocks (80-60 min apart) of four trials (30-s inter-
trial interval) per day with spatial cues. Platform location
was fixed for the same group of mice trained on the same
days, but altered among different groups of mice (seven
to nine mice per group). Mice were gently released into
the pool with the starting position changed in each trial,
and given 60 s to reach the platform. After climbing onto
the platform, mice were allowed to remain there for 30 s.
If a mouse was unable to locate the platform within 60 s,
the trial was concluded, and the mouse was gently guided
onto the platform and remained there for 30 s. After the
training, mice were returned to their home cage. The
escape latency was calculated as the average time of the
four trials per block to reach the platform (Fig. 3A).

Mice were subjected to visible platform training for the
first 3 d. Subsequently, the visible cue for the platform
was removed with the platform location kept intact. The
mice were then given hidden platform training for another
6 d. On days 3 and 6 of hidden platform training, the
platform was removed after training trials of the day, and
a probe trial was performed to assess spatial memory.
Mice were released into the pool from the opposite side of
the original platform location and allowed to search for the
platform location for 60 s, while their swimming paths
were recorded. Mice were then gently guided to the orig-
inal platform location and allowed to sit on the experi-
menter’s hand for 30 s. The following parameters were
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measured for each probe trial: (1) the percentage of time
spent in each imaginary quadrant of the pool (target, left,
opposite and right quadrants; Fig. 3B, left); (2) the number
of center crossings of the hypothetical platform location in
each quadrant (Fig. 3B, right); and (3) swimming speed
(Fig. 3D). Swimming traces were color-coded according
to the time spent at a certain location (1 X 1 cm square),
and averaged within each genotype after aligning the
location of the platform by rotation using Igor Pro 6 soft-
ware (WaveMetrics; RRID: SCR_000325; Fig. 3C).

The escape latencies for visible and hidden platform
trainings were compared between the genotypes by using
two-way repeated measures ANOVA, followed by Bonfer-
roni’s post hoc test where appropriate, n = 12 for each
genotype (Fig. 3A). The percentage of time spent in each
imaginary quadrant of the pool and the number of center
crossings of the hypothetical platform location in each
quadrant in probe trials were analyzed in each genotype
by using one-way ANOVA, followed by Tukey’s post hoc
test where appropriate (Fig. 38). The swimming speed in
probe ftrials was compared between the genotypes by
using unpaired t test, two-tailed (Fig. 3D).

Fear conditioning

The assessment of electrical footshock sensitivity and
fear conditioning were performed in the same clear acrylic
chamber (W 300 X D 250 X H 215 mm) equipped with a
stainless steel grid floor (3-mm diameter rods, 7 mm
apart; O’HARA & CO.). The auditory signal was supplied
from a loudspeaker placed on top of the lid of the cham-
ber, and footshock and tone delivery were controlled by
using LabVIEW software (National Instruments; RRID:
SCR_014325). We employed background contextual fear
conditioning using a tone as a conditional stimulus (CS)
paired with an unconditional stimulus (US) of a footshock.
Background conditioning involves the hippocampus more
strongly than conditioning without a tone (Phillips and
LeDoux, 1994), and by using this method, we can com-
pare hippocampus- versus amygdala-dependent memory
at the same time.

To assess electrical footshock sensitivity, naive mice
were individually placed in the chamber, and a series of
electrical stimuli was delivered from the grid floor for 2 s
(Kojima et al., 2008). The current intensity started from
0.01 mA and gradually increased with one-min interval.
The behavioral responses to the electrical stimuli were
monitored, and the threshold intensity for a paw flick
and/or a step back as a measure of pain sensation and
that for vocalization, jump and/or running as a measure
of aversive response were determined. The threshold
intensities were compared between the genotypes by
using unpaired t test, two-tailed, n = 14 for the wild-
type mouse, n = 16 for the CaMKlla (K42R)-KI mouse
(Table 2).

Fear conditioning was conducted by placing naive mice
individually in the chamber, while other mice waited in
another nearby room where the auditory signal could not
be heard. The fear conditioning procedure followed basi-
cally as described by Irvine et al. (2005). After an initial
exploratory period of 120 s, a tone (70 dB, white noise)
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was presented for 30 s as a CS, which coterminated with
an electrical footshock (0.3 or 0.7 mA, 2 s) as a US
(1CS-US or 1CS-US-strong). After 30 s, the mouse was
returned to its home cage. The chamber was cleared with
75% ethanol before each session. Under more intense
training conditions, mice received three or five CS-US
pairings at 60-s intervals (0.3-mA footshock; 3CS-US or
5CS-US). A control experiment consisting of the presen-
tation of a tone alone without a footshock for three times
at 60-s intervals (3CS alone) was also conducted to as-
sess fear response to the tone alone without conditioning.

Twenty-four hours after conditioning, the mice were
individually reexposed to the conditioning chamber with-
out the auditory signal for 300 s to test for contextual fear
memory. Freezing time in the first 180 s was measured
(Context). Another 24 h later, the mice were individually
placed in a novel context consisting of a metal box (W 235
X D 235 X H 145 mm) installed inside the contextual
chamber to assess cued fear memory. Following 180 s
without a tone, the tone (70 dB, white noise) was pe-
sented for 180 s. Freezing time in the first 180 s (Cued,
Pre-tone) and the last 180 s (Cued, Tone) was measured.
Four weeks later, the mice were retested to assess the
stability of fear memory (Context; Cued, Pre-tone and
Tone).

Freezing was defined as complete immobility other than
respiration and used as an index of fear (Frankland et al.,
1998). Freezing time was measured manually with the
experimenter blind to the genotype and expressed as a
percentage of time spent freezing during the specified pe-
riod of 180 s. Values for percentage freezing time were
compared between the three conditions tested (Context;
Cued, Pre-tone and Tone) in each genotype by using one-
way repeated measures ANOVA, followed by Bonferroni’s
post hoc test where appropriate. Through this comparison,
we could accurately evaluate hippocampus-dependent con-
text discrimination and amygdala-dependent cued fear
memory at the same time. Context discrimination is a
more sensitive measure of hippocampal dysfunction as
reported by Frankland et al. (1998). The number of ani-
mals used were: the wild-type mouse, n = 15, 16, 16, 15,
and 13 for 1CS-US, 1CS-US-strong, 3CS-US, 5CS-US,
and 3CS alone, respectively; the CaMKlla (K42R)-KI
mouse, n = 14, 14, 15, 14, and 13 for 1CS-US, 1CS-US-
strong, 3CS-US, 5CS-US, and 3CS alone, respectively
(Figs. 4, 5). Tone-dependent freezing (Cued, Tone) was
compared between the genotypes by using unpaired t
test, two-tailed where appropriate. The behavior of the
mice during fear conditioning and tests was also video-
taped.

Experimental design and statistical analyses

Details of the experimental design and statistics are
described in the above sections. Statistical analysis was
performed by using GraphPad Prism 6 software (Graph-
Pad Software; RRID: SCR_002798). Statistical signifi-
cance was set at p < 0.05. Data are expressed as a mean
+ SEM or as a scatter plot with a mean.
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Results

Kinase activity and protein levels of CaMKII were
indistinguishable between the hippocampus and
amygdala in the wild-type mouse and in the kinase-
dead CaMKIll«a (K42R)-KI mouse

We first compared the kinase activity and protein levels
of CaMKIl between the hippocampus and amygdala in the
wild-type mouse and in the kinase-dead homozygous
CaMKlla (K42R)-KI mouse (Figs. 1, 2; Table 1). As for
CaMKIl activity, no significant difference was observed
between the hippocampus and amygdala in the wild-type
mouse (total activity, t;0 = 0.7433, p = 0.4744; autono-
mous activity, ¢, = 0.5082, p = 0.6223; unpaired t test,
n = 6; Fig. 1, left), indicating that the total amounts of
CaMKIl composed of CaMKlle and CaMKIIB, the two
major isoforms in the brain, are indistinguishable between
the two brain regions. In the same way, no significant
difference was observed between the two brain regions in
the CaMKlla (K42R)-KI mouse (total activity, £ = 1.812,
p = 0.1001; autonomous activity, o = 0.8094, p =
0.4371; unpaired t test, n = 6; Fig. 1, right), demonstrating
that the remaining CaMKIl activity derived from intact
CaMKIIB is indistinguishable between the two brain re-
gions. This also indicates that the amount of CaMKIIB is
basically the same between the two brain regions in the
CaMKlla (K42R)-KI mouse.

We then compared CaMKIlla and CaMKIIB protein lev-
els between the genotypes in the hippocampus and in the
amygdala by quantitative immunoblot analyses (Fig. 2;
Table 1). The CaMKIIB protein level in the CaMKlla
(K42R)-KI mouse was unchanged from that in the wild-
type mouse in the both brain regions (hippocampus, ts) =
0.2667, p = 0.8004; amygdala, fs = 0.8194, p = 0.4498,;
one sample t test, n = 6; Table 1). Combined with activity
data, the amount of CaMKIIB, and also of CaMKllg, in the
wild-type mouse is considered to be the same between
the two brain regions. In addition, there seem to be no
compensatory changes in the CaMKIIB level in the
CaMKlla (K42R)-KI mouse in either brain regions.

It should be noted that the basic characteristics of
CaMKIl observed in the hippocampus and the amygdala
of the kinase-dead CaMKlla (K42R)-KI mousse, i.e., a pro-
found decrease in CaMKII activity (Fig. 1), a moderate
decrease in the phospho-T286-CaMKll« level and a slight
decrease in the CaMKIl« protein level (Fig. 2; Table 1),
compared to those in the wild-type mouse, are all in
accordance with our previous observations in the fore-
brain of this KI mouse (Yamagata et al., 2009).

Impaired spatial memory and intact visually guided
memory in the Morris water maze tasks in the
kinase-dead CaMKll«a (K42R)-KI mouse

To examine whether hippocampus-dependent spatial
memory is indeed impaired in the CaMKlla (K42R)-KI
mouse, we first performed the Morris water maze tasks
(Fig. 3). In the visible platform trials, both wild-type and
CaMKlla (K42R)-KI mice showed a steady shortening of
escape latencies through the course of training trials, and
there was no significant difference between the geno-
types (interaction, Fis110) = 0.8647, p = 0.5074; geno-
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Figure 1. Kinase activity of CaMKIl is basically the same between the hippocampus and amygdala in the wild-type mouse and in the
kinase-dead CaMKlla (K42R)-KI mouse. Left, Total and Ca?"/calmodulin-independent autonomous activity of CaMKIl in homoge-
nates from the hippocampus and amygdala of wild-type (WT) mice. These values reflect the summation of the activity of CaMKlla and
CaMKIIB, the two major CaMKIl isoforms in the brain. Right, Kinase activity of CaMKIl in homogenates from the hippocampus and
amygdala of kinase-dead homozygous CaMKlla (K42R)-KI mice. These values reflect the activity of intact CaMKIIB. Note that figures
in percentages above the columns represent relative activity against the value of corresponding control wild-type activity. The total
activity was measured in the presence of Ca?*/calmodulin. The Ca®*/calmodulin-independent autonomous activity was measured in
the absence of Ca®"/calmodulin. No significant difference was observed in the activity between the hippocampus and amygdala in
both genotypes (see text in detail). Open columns, total activity; filled columns, Ca?*/calmodulin-independent autonomous activity.
Error bars indicate SEM. Hippocampus, n = 6; amygdala, n = 6 for each genotype.

type, F1 20) = 3.226, p = 0.0862; blocks of trials, F(5 11y =  spatial memory was formed in wild-type mice. On the
24.00, p < 0.0001; n = 12 for each genotype; two-way other hand, CaMKlla (K42R)-KI mice spent equal time in
repeated measures ANOVA; Fig. 3A, left), indicating that  each quadrant (day 3, Fi3 44 = 1.434, p = 0.2457; day 6,
visual and motor abilities and motivation for escape areall  F; ,,) = 0.4409, p = 0.7249; one-way ANOVA; Fig. 3B,
intact in the CaMKlle (K42R)-KI mouse. In fact, both |eft), demonstrating that no spatial memory was formed in
genotypes took <11 s on average to reach the visible  CaMKIla (K42R)-KI mice. Furthermore, in wild-type mice,
platform in the second and later blocks of trials, which the number of center Crossings of the hypothet|ca| p|at-
was Signiﬁcantly shorter than the Iatency in the first block form location was Significantly h|gher in the target quad_
of trials (wild type: 1st vs 2nd, p = 0.01; 1st vs 3rd, p = (ant than in other quadrants in the probe trial performed
0.0001; 1st vs 4th, 5th, and 6th, p < 0.0001; K42R.: 1stvs g day 6 (Fg4s = 17.17, p < 0.0001, one-way ANOVA;
2nd, 3rd, 4th, 5th, and 6th, p < 0.0001; Bonferroni’s post target vs left, bpposite and right, p < 0.0001; Tukey’s post
hoc test). , _ , _ hoc test), but not on day 3 (Fz 44 = 1.005, p = 0.3997,

Next, in the following hidden platform trials with the one-way ANOVA:; Fig. 3B, right)’, indicating that wild-type
platform location kept qntactl, the di.fference between the mice steadily acquired more accurate spatial memory of
genotypes became obvious (interaction, Fiy1 243 = 0.7418, the hidden platform location as the training proceeded. In

p = 0.6977; genotype, F 55 = 16.53, p = 0.0005; blocks ; . . )
of trials, Fyq 242 = 1.254, p = 0.2522; two-way repeated Cor}trast C"’}MK'l'“ (':42R) Kf' m'cte did not d'Splgy aréy
measures ANOVA; Fig. 3A, right). Wild-type mice took preference for locations of center crossings (day 3,
’ ’ F(3 44) = 1.183, p = 0.3271; day 6, F(3 44) = 0.03869, p =
<12 s on average to reach the platform throughout the 0.9897- ANOVA: Fig. 3B. riaht). A d ool
trials, suggesting that they still remembered the platform ) d d, one-way ’ f'g' h, right). vgragﬁ co %r_
location, whereas CaMKlla (K42R)-KI mice took >18 s on coded swimming traces of each genotype in the probe
trials on days 3 and 6 clearly demonstrate the preference

average to reach the platform. Post hoc test revealed a e >
significant difference in the latency between the geno- for the target Iocatpn in wild-type mice and.the apsence
types in the 5th, 6th, 8th, 9th, 11th, and 12th blocks of of such preference in CaMKlla (K42R)-KI mice (Fig. 3C).

trials (0 = 0.0005, 0.0041, 0.0415, 0.0235, 0.0087, and ~ hey also show the improvement of performance with

0.0072, respectively, Bonferroni’s post hoc test). further training from day 3 to day 6 in wild-type mice, but
In addition, probe trials performed on days 3 and 6 after not.ln CaMK!'“ (K42R)‘K| mice. . .
training trials of the day revealed that wild-type mice Finally, swimming speed measured in probe trials per-

spent significantly longer time in the target quadrant than ~ formed on days 3 and 6 was similar between the geno-
in other quadrants (day 3, Fig44 = 8.641, p = 0.0001, types (day 3, ;) = 0.7064, p = 0.4874; day 6, tp) =
one-way ANOVA; target vs left, p = 0.0018; target vs  2.068, p = 0.0506; unpaired t test), indicating that swim-
opposite, p = 0.0001; target vs right, p = 0.0057; Tukey’s  ming performance itself was normal in the CaMKlla
post hoc test; day 6, F 3 44) = 53.15, p < 0.0001, one-way  (K42R)-KI mouse (Fig. 3D). All these results clearly dem-
ANOVA,; target vs left, opposite and right, p < 0.0001; onstrate that the CaMKIll« (K42R)-KI mouse was severely
Tukey’s post hoc test; Fig. 3B, left), demonstrating that and specifically impaired in hippocampus-dependent
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spatial memory, whereas their visually guided memory
was kept intact.

Severely impaired context discrimination, whereas
impaired but partially preserved cued fear memory
in the kinase-dead CaMKlIlla (K42R)-KI mouse

We next examined fear-conditioned memory to com-
pare hippocampus- and amygdala-dependent memory in
the CaMKlla (K42R)-KI mouse. To do that, we first deter-
mined the sensitivity to an electrical footshock in the
CaMKlla (K42R)-KI mouse as compared to that in the
wild-type mouse (Table 2). The threshold currents for
stepping back and/or paw flick, which are the behavioral
signs of pain sensation, were indistinguishable between
the genotypes (tg = 0.6530, p = 0.5191; unpaired t test,
n = 14 for wild-type mice, n = 16 for KI mice). On the
other hand, the threshold currents for vocalization, run-
ning and/or jumping, which represent aversive reactions
to a footshock, was slightly higher in CaMKlla (K42R)-KI
mice than in wild-type mice (f,s = 4.436, p = 0.0001;
unpaired t test). To overcome the difference, we em-
ployed the stimulation intensity of 0.3 mA or higher that
was far above the threshold for aversive sensation for
both genotypes in fear conditioning. It should be noted
that in conditioning, no freezing was observed during the
first two minutes before the tone in either genotypes.

We first tried single stimulation protocol, i.e., one paring
of CS and US (1CS-US) consisting of a tone lasting for 30
s that coterminated with a footshock of 0.3 mA for 2 s (Fig.
4A). When tested 24 h (Context) and 48 h (Cued) after
conditioning, wild-type mice showed significantly longer
freezing time in the contextual chamber (Context in Fig.
4A, left), as well as in the cued chamber with tone (Cued,
Tone), than in the cued chamber without tone (Cued,
Pre-tone; F, 0 = 89.16, p < 0.0001, n = 15, one-way
repeated measures ANOVA; context vs pre-tone, p =
0.0009; pre-tone vs tone, p < 0.0001; Bonferroni’s post
hoc test; Fig. 4A, left), demonstrating the formation of
both context-dependent and tone-dependent fear mem-
ory in the wild-type mouse. On the other hand, CaMKll«
(K42R)-KI mice showed almost no freezing in the contex-
tual chamber (Context in Fig. 4A, right) and in the cued
chamber without tone (Cued, Pre-tone), whereas they
showed rather small but significant freezing in the cued
chamber with tone (Cued, Tone; Fppo.e = 15.65, p <
0.0001, n = 14, one-way repeated measures ANOVA;
context vs pre-tone, p > 0.9999; pre-tone vs tone, p =
0.0001; Bonferroni’s post hoc test; Fig. 4A, right), dem-
onstrating that context-dependent fear memory was not
formed, but tone-dependent fear memory was formed to
a certain extent, although it was significantly less than that
observed in wild-type mice (Cued, Tone; tp7) = 7.566, p <
0.0001; unpaired t test).

We then tried stronger 1CS-US conditioning using a
footshock of 0.7 mA (1CS-US-strong) in another groups
of mice to examine whether stronger stimulation protocol
could compensate for memory deficits in the CaMKll«
(K42R)-KI mouse (Fig. 4B). After such stronger condition-
ing, however, the results were basically the same: Wild-
type mice showed both context-dependent and tone-
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Figure 2. Representative immunoblots showing the CaMKlle,
CaMKIIB and phospho-T286-CaMKlla levels in the hippocam-
pus and amygdala of the kinase-dead CaMKlla (K42R)-KI mouse
as compared to the wild-type mouse. The amounts of protein
used were 2, 4, and 8 ug for the detection of CaMKlla, CaMKIIp,
and phospho-T286-CaMKlla (P-CaMKIla), respectively, from
hippocampal or amygdala homogenates. Autoradiography of
duplicated samples from a pair of wild-type (WT) and kinase-
dead CaMKlIla (K42R)-KI mice in the same experimental group
used for quantitative immunoblot analyses are shown. See also
Table 1.

dependent freezing (Fp 30 = 46.95, p < 0.0001, n = 16,
one-way repeated measures ANOVA; context vs pre-
tone, p < 0.0001; pre-tone vs tone, p < 0.0001; Bonfer-

Table 1. CaMKIlla and CaMKIIf protein levels and phospho-
T286-CaMKIlla level in the hippocampus and amygdala from
the kinase-dead CaMKIll«a (K42R)-KI mouse as compared to
the wild-type mouse

Hippocampus Amygdala

(% of WT) (% of WT)
CaMKlla 85.1 = 5.1% 81.0 = 5.1
CaMKIIB 101.8 = 6.7 105.6 = 6.8
Phospho-T286-CaMKll« 63.1 = 6.8 69.5 * 3.2

Significantly different from wild-type (WT) levels: #p < 0.05, #+p < 0.01,
###p < 0.001 (one sample t test); hippocampus, n = 6; amygdala, n = 6.
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Figure 3. Intact visually guided memory and impaired spatial memory in the Morris water maze tasks in the kinase-dead CaMKll«
(K42R)-KI mouse. A, Escape latencies in the visible platform trials, followed by the hidden platform trials in the water maze tasks in
the kinase-dead CaMKlla (K42R)-KI mouse as compared to the wild-type (WT) mouse. In the visible platform trials (left), both
genotypes steadily decreased escape latencies and there was no significant difference between the genotypes. Both genotypes
showed significantly shorter latency in the second and later blocks of trials than in the first block (labeled with gray vs black colors,
p < 0.05, Bonferroni’s post hoc test). In the following hidden platform trials (right), latency differed significantly between the
genotypes: CaMKlla (K42R)-KI mice took longer time to reach the platform than wild-type mice did; *p < 0.05, ##p < 0.01, **xp <
0.001 between the genotypes, Bonferroni’s post hoc test. Open circle, wild-type mice, n = 12; closed circle, CaMKlla (K42R)-KI mice,
n = 12. Note that the platform location was fixed for each mouse throughout the course of training. B, Probe trials performed on days
3 and 6 after training trials of the day (after 6 and 12 blocks of trials, respectively). Percentage time in each quadrant (left) and the
number of center crossings of hypothetical platform locations (right) are shown; ##p < 0.01, **%p < 0.001, ###xp < 0.0001, Tukey’s
post hoc test. Closed column, target quadrant; hatched column, left quadrant; open column, opposite quadrant; dotted column, right
quadrant. C, Averaged swimming traces of each genotype for 60 s in the probe trials performed on days 3 and 6. The color indicates
the average time spent at a certain location (1 X 1 cm square) per animal. The platform location was aligned in the right upper
quadrant by rotation and indicated by a black-lined circle. D, Swimming speed measured for 60 s in the probe trials performed on
days 3 and 6. There was no significant difference between the genotypes. Open column, wild-type mice; closed column, CaMKll«
(K42R)-KI mice.

roni’s post hoc test; Fig. 4B, left), whereas CaMKlla Table 2. Sensitivity to an electrical footshock in the kinase-

(K42R)-KI mice did not show context-dependent freezing,
but showed tone-dependent freezing to a certain extent
(Fi2.26) = 9.601, p = 0.0008, n = 14, one-way repeated
measures ANOVA,; context vs pre-tone, p > 0.9999; pre-
tone vs tone, p = 0.0012; Bonferroni’s post hoc test; Fig.
4B, right), the latter of which was still significantly less
than that observed in wild-type mice (Cued, Tone; tpg =
5.687, p < 0.0001; unpaired t test). Thus, stronger con-
ditioning did not compensate for memory deficits in the
CaMKlla (K42R)-KI mouse.

July/August 2018, 5(4) e0133-18.2018

dead CaMKIlla (K42R)-KI mouse as compared to the wild-
type mouse

WT CaMKlla (K42R)-KI
0.032 = 0.002 0.031 = 0.001
0.061 = 0.003% 0.078 = 0.003%

Step/paw
Vocal/run/jump

Threshold currents are expressed in mA.

Step/paw, stepping back and/or paw flick, reflecting pain sensation; Vocal/
run/jump, vocalization, running and/or jumping, reflecting aversive reactions.
Significantly different between wild-type (WT) and CaMKlla (K42R)-KI mice;
2p = 0.0001 (unpaired t test); WT, n = 14; K42R, n = 16.
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Figure 4. No context discrimination, whereas partially preserved cued fear memory after fear conditioning in the kinase-dead CaMKll«
(K42R)-KI mouse. A, Fear conditioned memory after a single-stimulation protocol with a 30-s tone that coterminated with a 0.3-mA
footshock (1CS-US). Contextual fear memory (Context) was tested in the same conditioning chamber 24 h after conditioning. Cued
fear memory (Cued) was tested in a different context without (Pre-tone) or with tone (Tone) 48 h after conditioning. Ordinate indicates
percentage freezing time for the period of 180 s, and the line in each column expresses the mean. Left, Wild-type (WT) mice showed
significantly longer freezing time in the contextual chamber than in the cued chamber without tone, demonstrating context-dependent
fear memory. In addition, they showed significantly longer freezing time in the cued chamber with tone than without tone,
demonstrating tone-dependent fear memory; n = 15. Right, CaMKlla (K42R)-KI mice showed virtually no freezing in the contextual
chamber, as well as in the cued chamber without tone, and there was no significant difference in freezing time between the two
conditions. On the other hand, they showed rather small, but significant freezing in the cued chamber with tone, indicating that cued
fear memory was formed at least to a certain extent; n = 14. B, Fear conditioned memory after a stronger single-stimulation protocol
with a 0.7-mA footshock (1CS-US-strong). Basically, similar results were observed as in A. WT, n = 16 (left). K42R, n = 14 (right). C,
Fear conditioned memory after a repeated-stimulation protocol with three pairings of a tone and a 0.3-mA footshock (3CS-US). Left,
Wild-type mice showed both context-dependent and tone-dependent freezing; n = 16. Right, CaMKlla (K42R)-KI mice showed
increased freezing in all of the three conditions tested, but they still did not show context-dependent freezing, whereas showed
tone-dependent freezing, revealing context discrimination deficits; n = 15. D, Fear conditioned memory after a repeated stimulation
protocol with five pairings of a tone and a 0.3-mA footshock (5CS-US). Left, Wild-type mice again showed both context-dependent
and tone-dependent freezing; n = 15. Right, CaMKlla (K42R)-KI mice showed generally increased freezing, and there was no
significant difference in percentage freezing time between the three conditions tested, revealing severe context discrimination deficits,
leading to generalized fear; n = 14; #xp < 0.01, **+xp < 0.001, #*#xp < 0.0001, Bonferroni’s post hoc test.

We next performed repeated stimulation protocols con-
sisting of three or five parings of CS-US (3CS-US or
5CS-US), using a footshock of 0.3 mA in another groups
of mice to examine whether repeated stimulation could
compensate for memory deficits in the CaMKlla (K42R)-KI
mouse (Fig. 4C,D). After 3CS-US conditioning, wild-type
mice again showed context-dependent and tone-depen-
dent freezing (Fp 30 = 37.41, p < 0.0001, n = 16, one-
way repeated measures ANOVA; context vs pre-tone, p <
0.0001; pre-tone vs tone, p < 0.0001; Bonferroni’s post
hoc test; Fig. 4C, left). CaMKlla (K42R)-KI mice, this time,

July/August 2018, 5(4) e0133-18.2018

showed increased freezing in all of the three conditions
tested, but still did not show context-dependent freezing,
whereas showed tone-dependent freezing (F, og = 5.230,
p = 0.0117,n = 15, one-way repeated measures ANOVA;
context vs pre-tone, p = 0.3989; pre-tone vs tone, p =
0.0065; Bonferroni’s post hoc test; Fig. 4C, right), reveal-
ing context discrimination deficits. The extent of their
tone-dependent freezing was comparable to that ob-
served in wild-type mice (Cued, Tone; tq = 1.143, p =
0.2624; unpaired t test). Next, after 5CS-US conditioning,
wild-type mice still showed context-dependent and tone-

eNeuro.org



A New Research 10 of 15
\euro
A 3CS alone B 1CS-US-strong, 4w later
WT K42R WT K42R
100~ 100~ 1007 ————— 100 —
[e]
__ 804 __ 80 __ 80 __ 80
X X X o X
o 60 o 60- o> 60+ o o 60
£ £ £ 0% =
3 3 Y 0] o A
o 40 @ 404 ] 40 Q)o o o5 o 40
r w w o oooO w .
20 20+ 20 o o 20 b
o o %0 % o . °
0o
0L —ar@o—GR R 0~ oSt ologe opsm O-M
Context Pre-tone Tone Context Pre-tone Tone Context Pre-tone Tone Context Pre-tone Tone
Cued Cued Cued Cued
c 3CS-US, 4w later D 5CS-US, 4w later
WT K42R WT K42R
1004 - 100- 100- — 100~ —
[e]
[e] L]
__ 804 807 _ 804 oo __ 80 .
X o IS X o A X
g) 60+ o g; 60 g; 60 ° 00 g) 60 °
.g o0 & .5 . E ° —Uo— .5 . R °,
] 40 o 000:0 o 40 & ] 40 0o ° @ 407 o, R °
[ ° w ° o [ o 00® w e
i o 4 ° i i
20 8:9 9 060 20 . ®ee 20 _Uo_ © 20 = oo
o © ke °e® o %o 500 ° o o @ “eee
RSO, . B [ e e L 0lcopoo— T 01 feepe® —odtpes o
Context Pre-tone Tone Context Pre-tone Tone Context Pre-tone Tone Context Pre-tone Tone
Cued Cued Cued Cued

Figure 5. No fear response to tone alone without tone-footshock association, and long-lasting cued fear memory in the kinase-dead
CaMKlla (K42R)-KI mouse. A, Fear response after repeated exposure to tone alone for three times without footshocks (3CS alone).
Both wild-type (WT; left) and CaMKlla (K42R)-KI mice (right) showed almost no freezing in the three conditions tested, demonstrating
the specificity of fear response to tone-footshock association in both genotypes (Fig. 4). WT, n = 13. K42R, n = 13. B, Long-term
memory examined four weeks after strong 1CS-US conditioning. The mice in Figure 4B were retested four weeks later. Left, Wild-type
mice still showed context-dependent and tone-dependent freezing, demonstrating the acquired fear memory was long-lasting; n =
16. Right, CaMKIl« (K42R)-KI mice also retained tone-dependent freezing, demonstrating the acquired fear memory was long-lasting;
n = 14. C, Long-term memory examined four weeks after 3CS-US conditioning. The mice in Figure 4C were retested four weeks later.
Here again, both wild-type (left) and CaMKlIl« (K42R)-KI mice (right) retained once acquired fear memory. WT, n = 16. K42R, n = 15.
D, Long-term memory examined four weeks after 5CS-US conditioning. The mice in Figure 4D were retested four weeks later. Left,
Wild-type mice still showed tone-dependent freezing, but not context-dependent freezing; n = 15. Right, CaMKlla (K42R)-KI mice
revealed tone-dependent freezing this time, indicating that cued fear memory had been acquired from the beginning after 5CS-US
conditioning, but had been masked due to generalized fear when tested soon after conditioning (Fig. 4D, right). However, when
generally increased fear subsided in four weeks, tone-dependent freezing became apparent; n = 14; #xp < 0.01, **%p < 0.001, #*xxp
< 0.0001, Bonferroni’s post hoc test.

dependent freezing (Fp 28 = 23.13, p < 0.0001, n = 15,
one-way repeated measures ANOVA; context vs pre-
tone, p = 0.0067; pre-tone vs tone, p < 0.0001; Bonfer-
roni’s post hoc test; Fig. 4D, left). CaMKlla (K42R)-KI
mice, on the other hand, showed generally increased
freezing, and this time, freezing was neither context-
dependent nor tone-dependent (Fp.e = 2.655, p =
0.0893, n = 14, one-way repeated measures ANOVA; Fig.
4D, right). Thus, repeated stimulation protocols did not
compensate for memory deficits, but instead revealed
severe context discrimination deficits, leading to general-
ized fear, in the CaMKlla (K42R)-KI mouse.

To rule out the possibility that the CaMKlla (K42R)-KI
mouse may display tone-dependent freezing without
tone-footshock association, we exposed another groups
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of mice to tone alone for three times without footshocks
(8CS alone) and tested their freezing response just as in the
case after fear conditioning (Fig. 5A). Virtually no freezing
was observed in CaMKlla (K42R)-KI mice (n = 13; Fig. 5A,
right), as well as in wild-type mice (n = 13; Fig. 5A, left), in all
of the three conditions tested (percentage freezing time,
<2% on average in any cases). Thus, tone-dependent fear
responses in both genotypes were indeed derived from
tone-footshock association, and not from tone alone.

So far, the results demonstrate that the CaMKlla
(K42R)-KI mouse could form cued fear memory at least to
a certain extent, whereas they could not form contextual
fear memory or discriminate context difference irrespec-
tive of stimulus intensity and of repetition of a tone-
footshock paring in the conditioning.
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Cued fear memory once acquired was long-lasting
in the kinase-dead CaMKIlla (K42R)-KI mouse

Does the cued fear memory once formed in the
CaMKlla (K42R)-KI mouse last long? To solve that ques-
tion, we retested fear-conditioned mice four weeks later
(Fig. 5B-D). Four weeks after strong 1CS-US condition-
ing, wild-type mice still displayed context-dependent and
tone-dependent freezing (F, 30 = 32.04, p < 0.0001,n =
16, one-way repeated measures ANOVA; context vs pre-
tone, p = 0.0002; pre-tone vs tone, p < 0.0001; Bonfer-
roni's post hoc test; Fig. 5B, left). In addition, CaMKll«
(K42R)-KI mice still preserved small but significant tone-
dependent freezing (Fp 26 = 9.253, p = 0.0009, n = 14,
one-way repeated measures ANOVA; context vs pre-
tone, p > 0.9999; pre-tone vs tone, p = 0.0045; Bonfer-
roni’s post hoc test; Fig. 5B, right), the extent of which
was significantly less than that observed in wild-type mice
(Cued, Tone; tg = 7.115, p < 0.0001; unpaired t test).
Thus, in both genotypes, memory once formed lasted
long.

Next, four weeks after 3CS-US conditioning, wild-type
mice again displayed context-dependent and tone-
dependent freezing (Fp 30 = 39.68, p < 0.0001, n = 16,
one-way repeated measures ANOVA; context vs pre-
tone, p = 0.0044; pre-tone vs tone, p < 0.0001; Bonfer-
roni’s post hoc test; Fig. 5C, left). CaMKlla (K42R)-KI
mice, on the other hand, showed considerably decreased
freezing in the three conditions tested, but still displayed
tone-dependent freezing without context-dependent
freezing (Fp28) = 15.25, p < 0.0001, n = 15, one-way
repeated measures ANOVA; context vs pre-tone, p >
0.9999; pre-tone vs tone, p < 0.0001; Bonferroni’s post
hoc test; Fig. 5C, right). The extent of tone-dependent
freezing was significantly less than that observed in wild-
type mice (Cued, Tone; t 5 = 2.872, p = 0.0076; unpaired
t test). Here again, fear conditioned memory once formed
was long-lasting in both genotypes.

Finally, four weeks after 5CS-US conditioning, wild-
type mice still preserved tone-dependent freezing, but not
context-dependent freezing any more (Fp o5y = 32.57, p <
0.0001, n = 15, one-way repeated measures ANOVA;
context vs pre-tone, p = 0.2710; pre-tone vs tone, p <
0.0001; Bonferroni’s post hoc test; Fig. 5D, left), indicating
that context discrimination is more fragile than cued fear
memory in the long-term in the wild-type mouse. CaMKll«
(K42R)-KI mice, on the other hand, still showed rather
increased levels of freezing in the three conditions tested,
while this time, they did display tone-dependent freezing,
which had not been observed 48 h after conditioning, but
without context-dependent freezing (Fo 6 = 10.95, p =
0.0004, n = 14, one-way repeated measures ANOVA;
context vs pre-tone, p = 0.1603; pre-tone vs tone, p =
0.0002; Bonferroni’s post hoc test; Fig. 5D, right). The
extent of tone-dependent freezing was again less than
that observed in wild-type mice (Cued, Tone; t,7 = 2.583,
p = 0.0155; unpaired t test). The results indicate that the
CaMKlla (K42R)-KI mouse had formed cued fear memory
from the beginning after 5CS-US conditioning, but its
manifestation had been masked by generally increased
fear when tested soon after conditioning. However, when
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generalized fear subsided in four weeks, cued fear mem-
ory became apparent.

All these results clearly demonstrate that cued fear
memory once acquired was long-lasting, not only in the
wild-type mouse, but also in the CaMKlla (K42R)-KI
mouse.

Discussion

In this study, we have shown that the kinase-dead
homozygous CaMKlla (K42R)-KI mouse retained intact
visually guided memory, but was severely impaired in
hippocampus-dependent spatial memory in the Morris
water maze tasks (Fig. 3). In addition, the CaMKll«
(K42R)-KI mouse was severely impaired in hippocampus-
dependent context discrimination in fear memory, whereas
amygdala-dependent cued fear memory was impaired
but preserved to some extent, and once formed cued fear
memory lasted as long as four weeks (Figs. 4, 5). These
results indicate that hippocampus-dependent memory
was severely impaired, but amygdala-dependent memory
was partially spared in the kinase-dead CaMKlla (K42R)-
KI mouse. Such difference was not due to differential
expression of CaMKlla between the hippocampus and
the amygdala because biochemical analyses revealed
that both kinase activity and protein levels of CaMKII were
indistinguishable between the two brain regions (Figs. 1,
2; Table 1). All these results indicate that the involvement
of kinase activity of CaMKll« in the mechanisms of learn-
ing and memory seems to be somewhat different between
the types of memory: It is indispensable for hippocampus-
dependent memory, whereas although important, not
necessarily indispensable for amygdala-dependent mem-
ory (Fig. 6).

The requirement of CaMKIlla in the acquisition of
hippocampus-dependent memory has been shown by
using various kinds of CaMKlla KO and Kl mice (Silva
et al.,, 1992; Giese et al.,, 1998; Elgersma et al., 2002;
Yamagata et al., 2009; Achterberg, et al., 2014). In addi-
tion to the homozygous CaMKlla KO mouse (Silva et al.,
1992; Elgersma et al., 2002), the autophosphorylation-
deficient CaMKlla (T286A)-KI mouse that lacks persistent
activation of CaMKlla (Giese et al., 1998; Irvine et al.,
2005), and the autophosphorylation-mimicking CaMKll«
(T305D)-KI mouse that lacks both kinase activity and
postsynaptic association of CaMKlla (Elgersma et al.,
2002) showed profound impairments in spatial memory in
the Morris water maze tasks and in contextual fear mem-
ory after a single-footshock conditioning. Besides, our
kinase-dead CaMKlla (K42R)-KI mouse that lacks kinase
activity but retains activity-dependent postsynaptic translo-
cational ability of CaMKlla was severely impaired in inhibi-
tory avoidance memory, a form of memory dependent on
the hippocampus (Yamagata et al., 2009). A recent study
using the region-specific and time-specific conditional
CaMKlla KO mice also showed the necessity of CaMKll«
protein in the forebrain and at the time of learning for the
acquisition of spatial and contextual memory (Achterberg,
et al., 2014). All these results showed that proper functioning
of CaMKll« is essential for hippocampus-dependent mem-
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Hippocampus-
memory

A

CaMKIlla-dependent CalMKlla-independent
pathway pathway

Figure 6. Schematic illustration showing differential involvement
of kinase activity of CaMKlla in hippocampus- and amygdala-
dependent memory. Hippocampus-dependent memory is medi-
ated exclusively by the CaMKlla activity-dependent pathway,
whereas amygdala-dependent memory is mediated not only by
the CaMKIl« activity-dependent pathway, but also by a CaMKll«
activity-independent pathway, the candidate of which may in-
clude CaMKIIB activity or de novo synaptogenesis, such as
generation of multi-innervated dendritic spines (see text in de-
tail).

ory to be formed, which is in accordance with our present
study.

On the other hand, the CaMKlla (T286A)-KI mouse
could acquire wild-type levels of contextual and cued fear
memory when multiple footshocks were delivered during
conditioning (Irvine et al., 2005, 2011). This is a clear
contrast to our current results showing that repetitive
training was ineffective to overcome memory deficits,
but revealed context discrimination deficits and caused
generalized fear response in the kinase-dead CaMKll«
(K42R)-KI mouse (Fig. 4C,D). Besides, when retested four
weeks later, generalized fear subsided considerably, and
cued fear memory, but not context discrimination, was
observed in the kinase-dead CaMKlla (K42R)-KI mouse
(Fig. 5D). The differential effects of repeated training ob-
served between the CaMKlla (K42R)-KI mouse and the
CaMKiIla (T286A)-KI mouse could be explained by bio-
chemical differences between the two mutations or by a
dominant-negative effect of kinase-dead mutation. From
the biochemical point of view, K42R mutation completely
inactivates the kinase, whereas T286A mutation dose not,
i.e., CaMKlla (T286A) can be fully activated in the pres-
ence of Ca®*/calmodulin, but once Ca®"/calmodulin is
detached from it, it completely loses its activity. Repetitive
stimulation in repeated training given to the CaMKll«
(T286A)-KI mouse may induce enough kinase activity for
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an extended period of time, which seems to be necessary
for the acquisition of memory. A recent report showing
that increasing the stimulation frequency could prolong
the activation state of CaMKIll«a (T286A) and enabled the
induction of LTP at the synaptic level supports this notion
(Chang et al., 2017). On the other hand, another kinase-
dead mutant, CaMKlla (K42M) was shown to have a
dominant-negative effect in the control of synaptic strength
when transfected into organotypic hippocampal slice cul-
tures (Kabakov and Lisman, 2015). Besides, viral injection of
CaMKll« (K42M) into the CA1 region of the hippocampus in
rats caused erasure of acquired fear memory in conditioned
place avoidance, another hippocampus-dependent memory
task in which an animal receives a footshock every time it
enters a shock zone (Rossetti et al., 2017). These reports
raise a possibility that kinase-dead mutation of CaMKlla
may compromise the role of intact other isoforms of CaMKI|,
especially that of CaMKIIB in the same CaMKII holoenzyme,
and cause stronger memory deficits than expected. This
may be another reason why the kinase-dead CaMKll«
(K42R)-KI mouse in the current study showed severe mem-
ory deficits even after repeated training, which was in con-
trast to the case of the autophosphorylation-deficient
CaMKll« (T286A)-KI mouse.

As for amygdala-dependent memory, several studies
implicated a similar involvement of CaMKIl« to the mech-
anism as in hippocampus-dependent memory (Rodrigues
et al., 2004; Irvine et al., 2005). Auditory fear conditioning
in rats increased T286-autophosphorylation of CaMKll« in
lateral amygdala spines, and the injection of a CaMKlIl
inhibitor, KN-62 into the amygdala impaired acquisition of
both auditory and contextual fear memory (Rodrigues
et al., 2004). In addition, as described above, repeated
training could compensate for deficits not only in contex-
tual, but also in cued fear memory in the CaMKll«
(T286A)-KI mouse (Irvine et al.,, 2005, 2011). Thus,
CaMKlla had been thought to play a similar mechanistic
role in the acquisition of hippocampus- and amygdala-
dependent memory. Such assumption was further sup-
ported by a recent study showing that the injection of a
photoactivatable CaMKIl inhibitory peptide into the
mouse amygdala caused deficits in inhibitory avoidance
memory tested at least 1 h after training (Murakoshi et al.,
2017). However, our present study clearly demonstrated
that although small, but distinct amygdala-dependent
cued fear memory was observed in the kinase-dead
CaMKlla (K42R)-KI mouse, which was stable and long-
lasting. Thus, CaMKIl« activity seems to be differentially
involved in the two types of memory: Hippocampus-
dependent memory is mediated exclusively by the
CaMKlla activity-dependent pathway, whereas amygdala-
dependent memory is mediated not only by the CaMKll«
activity-dependent pathway, but also by a CaMKll« activity-
independent pathway, at least to some extent (Fig. 6).
Such differential involvement seems to be reasonable
given the fact that amygdala-dependent fear-related
memory is essential for the survival of animals, and the
existence of a secondary pathway to achieve it is prefer-
able. On the other hand, hippocampus-dependent spatial
memory and context discrimination contributes to the
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efficiency of life, but is not necessarily essential for the
survival of animals, and thus, redundant pathway may not
be necessary.

Then, what is the secondary, CaMKll«a activity-inde-
pendent pathway that may be involved in the acquisition of
amygdala-dependent fear memory? One possibility could
be the involvement of other isoforms of CaMKIl, i.e.,
CaMKIIB, CaMKIly, and CaMKIIé that are derived from dis-
tinct genes. Among them, CaMKIIB is suited to have a
complementary role to CaMKlla, because CaMKIIB is the
second major CaMKIl isoform in the forebrain and shows
neuron-specific expression, besides CaMKlla. Such as-
sumption is indeed supported by the above-mentioned pre-
vious studies using CaMKIl inhibitors that are effective to all
isoforms of CaMKII, including CaMKlla and CaMKIIg: Injec-
tion of KN-62 and photoactivatable inhibitory peptide into
the amygdala showed inhibitory effects on fear conditioned
memory and inhibitory avoidance memory, respectively (Ro-
drigues et al., 2004; Murakoshi et al., 2017). Thus, there may
be a synergistic role of CaMKlla and CaMKIIB activity in the
acquisition of amygdala-dependent memory. It is interesting
to note that CaMKIIB was shown to play a nonenzymatic role
in hippocampus-dependent memory, i.e., its kinase activity
is not necessary, but its molecular existence itself seems to
be required for proper targeting of CaMKlla to the synapse
(Borgesius, et al., 2011). Thus, CaMKIIB may play an enzy-
matic role, in addition to a nonenzymatic role, in the acqui-
sition of amygdala-dependent memory.

Another possibility could be de novo synaptogenesis,
such as generation of multi-innervated dendritic spines,
which is analogous to the one described for the formation
of hippocampus-dependent contextual fear memory in
the CaMKIla (T286A)-KI mouse after repeated training
(Radwanska et al., 2011). In the latter case, multi-trial
training induced long-term contextual fear memory that
was accompanied by PSD95 up-regulation and synapto-
genesis in the CA1 region of the dorsal hippocampus. A
similar synaptogenetic changes in the amygdala may ac-
count for the formation of long-lasting cued fear memory
in the absence of CaMKlla activity after repeated training,
as observed in the kinase-dead CaMKlla (K42R)-KI mouse
in the current study. It is interesting to note that in the
above-mentioned study injecting a photoactivatable
CaMKII inhibitory peptide into the mouse amygdala, 1-h
memory was indeed affected, but 24-h memory tests
showed mixed results (Murakoshi et al., 2017), indicating
possible existence of another pathway that is unrelated to
CaMKII activity. Further studies are necessary to identify
the exact molecular mechanisms involved in the acquisi-
tion of amygdala-dependent memory, other than those
involving CaMKll« activity (Fig. 6).

One more interesting observation in this study is that
the kinase-dead CaMKlla (K42R)-KI mouse displayed se-
vere context discrimination deficits, leading to generalized
fear after repeated CS-US conditioning (Fig. 4C,D). Why
fear response was generalized after intense training in the
Kl mouse? Two factors may account for this phenome-
non. One is severely impaired hippocampal function
caused by the lack of CaMKlla kinase activity. In the
CaMKlla (K42R)-KI mouse, hippocampal LTP is severely
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impaired (Yamagata et al., 2009), which will hamper the
acquisition of accurate spatial memory as shown in this
study (Fig. 3). Besides, the hippocampus is known to play
a key role in integrating discrete contextual elements
processed in different subcortical and cortical regions and
in encoding a configured representation of the context in
fear conditioning (Holland and Bouton, 1999; Maren et al.,
2013). Normally, individual contextual elements are super-
seded by a representation of the context formed in the
hippocampus, but with hippocampal damage, each stim-
ulus elements that make up the context encoded outside
the hippocampus seems to be used for conditioning and
associated with noxious US within the amygdala. Such
multiple elemental associations may occur in the CaMKll«
(K42R)-KI mouse after strong activation of the amygdala
by repeated training. The other factor is impaired amygdala
function by the lack of CaMKlla kinase activity. CaMKII
activity is known to play an important role in NMDA
receptor-dependent LTP at thalamic input synapses to
the lateral amygdala (Rodrigues et al., 2004; Johansen
et al., 2011). A recent, elegant study showed that auditory
fear conditioning is mediated by input-specific LTP (Kim
and Cho, 2017), which enables discrimination of danger-
ous stimuli from safe ones (Maren, 2017), and could apply
to contextual conditioning as well. With the lack of
CaMKlIla kinase activity, input specificity of LTP and of
conditioning would be lost, and under such a situation,
strong activation of the amygdala by repeated training
could cause potentiation of nearby, unrelated synapses,
leading to generalized fear response without discrimina-
tion between dangerous and safe stimulus environments.
Thus, impaired hippocampal contextual configuration and
impaired input-specificity in the amygdala may account
for fear generalization in the CaMKlla (K42R)-KI mouse
after intense training. It is interesting to note that hip-
pocampal dysfunction is proposed to be related to
generalized fear memory in human patients with posttrau-
matic stress disorder (PTSD) as well (Acheson et al.,
2012).

Increased fear memory generalization is one of the
characteristics of PTSD and other anxiety-related disor-
ders (Mahan and Ressler, 2012; Pitman et al., 2012).
Generalized fear response after repeated training in the
kinase-dead CaMKlla (K42R)-KI mouse makes us think if
this KI mouse can serve as an animal model of PTSD.
However, it should be noted that when retested four
weeks after repeated CS-US conditioning, the CaMKll«
(K42R)-KI mouse showed considerably reduced fear re-
sponse, and fear generalization was no longer observed
(Fig. 5D). Natural recovery from fear generalization without
extinction training indicates that extinction of increased
fear memory seems to be preserved in the CaMKlla
(K42R)-KI mouse, which does not fit as a PTSD model,
because in PTSD, fear generalization is sustained and
difficult to be extinguished (Siegmund and Wotjak, 2006;
Yehuda and LeDoux, 2007). Rather, generalized fear re-
sponse observed in the CaMKlla (K42R)-KI mouse indi-
cates that the lack of kinase activity of CaMKlla could be
one of the predispositions or risk factors toward the de-
velopment of PTSD. Further investigation of the kinase-
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dead CaMKlla (K42R)-KI mouse would lead to the
understanding and novel therapeutics of PTSD and other
abnormal fear memory-associated disorders.
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